Introduction
Spin states of transition metals change by applied pressure in some materials. The spin transition under high pressure is accompanied with a sudden volume change because the atomic (ionic) radius of the transition metal depends on the spin state.
The volume change influences elastic properties in the mat erial. Ironbearing magnesium oxide Mg 1−x Fe x O (ferroperi clase) [1] is one example of a material that shows an elastic anomaly [2] [3] [4] [5] [6] related to a spin crossover transition. This material has the NaCl (or B1 in Strukturbericht designation) structure where some of magnesium is substituted by iron.
Previous experimental work showed some results of single crystal elasticity for ferropericlase that are, at first glance, apparently contradictory. Impulsive stimulated light scattering (ISS) [7] showed softenings in three elastic constants (C 11 , C 44 , and C 12 ) around the spin transition [2] . Meanwhile, an Inetastic xray scattering (IXS) [8] suggested that only C 44 softens [4] . In addition, a recent study using light scattering techniques (ISS and Brillouin light scattering in which a green laser was used as a probe) reported that C 11 and C 12 show sof tening but C 44 does not [6] .
These results were discussed using calculations of phonon properties based on the planewavepseudopotential density functional calculations using the local density approximation with the onsite repulsion parameter U (LDA + U ) [9, 10] . The contradiction described in the foregoing paragraph was attributed to the frequency dependence of pressure derivative of the lowspin fraction of the iron atoms, n, in ferropericlase at constant entropy, ( ) (See equation (6) in [9] ). Since ( ) ∂ ∂ n P S has a nonzero value, a softening is observed in a longitudinalwave or bulk sound velocity. When the latticevibration frequency is low, or the period of lattice vibration is longer than the lattice relaxa tion time after the spin transition, ( )
will not be negligible [9] . In contrast, ( )
will be negligible in the higherfre quency lattice vibration, because the lattice relaxation after the spin transition does not occur [9] . Light scattering techniques probe GHz frequencies whereas IXS probes THz frequencies. Therefore, the light scattering techniques showed softening in C 11 and C 12 [2, 6] but IXS did not [4] . However, the differ ence in ( ) ∂ ∂ n P S cannot explain why the IXS study [4] showed softening of only C 44 .
A different calculation [9] suggested an alternative origin of the C 44 anomaly observed using IXS [4] . This study [9] reported an unusual behavior of transverse acoustic (TA) phonon propagating in the [q 0 0] direction far from the Brillouin zone center in the highspin state as pressure is increased. The energy of the [q 0 0] TA phonon is related to C 44 about which the light scattering techniques [2, 6] and IXS [4] showed the contradictory results. The light scattering tech niques provide phonon energies very close to the Brillouin zone center, Γ, point (a corresponding phonon momentum, q, is ~0.01 nm −1 ) but cannot measure phonons away from the Brillouin zone center. In contrast, IXS measures phonons away from the zone center, but has difficulty accessing phonons at Γ, due to strong elastic intensity and its limited momentum resolution (>0.1 nm −1 ). The q values for IXS measurements in [4] were between 1 and 5 nm −1 . Therefore, a TA phonon anomaly far from the Brillouin zone center might influence the phonons observed by IXS more than those by ISS. We have performed IXS measurements at ambient and high pressure conditions to shed the light on change in elasticity of ferropericlase with pressure. Ab initio calculations were also performed to interpret the experimental results.
Experimental methods
Singlecrystal samples were synthesized by diffusion of Fe into MgO single crystals from (Mg,Fe)O powder, similar to the method of Jacobsen et al [11] . [11] .
Highpressure experiments were performed using clock type diamond anvil cells (DACs) [12] with rhenium gaskets. Samples for highpressure measurements were processed by focused ion beam milling with gallium ions. The processed crystal was placed on the culet of a diamond anvil. The tiny crystal and ruby chips, used as a pressure marker, were sealed into the DAC with compressed helium gas using a gasloading system at SPring8. The crystal orientation and crystallinity of the crystal in the DAC was confirmed using an xray preces sion camera or a fourcircle diffractometer.
IXS measurements were performed at BL35XU of SPring8 [13] at 17.747 keV, using a Si (9 9 9) backscattering geometry with ~3 meV energy resolution (full width at half maximum (FWHM)). The samples were mounted on an Eulerian cradle. The incident beam size for the ambientcondition measure ment was ca 70 × 50 µm 2 (FWHM). For measurements under pressure, a compound focusing system was used to make the incident beam size ca. 17 × 16 µm 2 (FWHM) [14] . The lattice constant and the crystal orientation matrix of ferropericlase at each pressure condition were determined by measuring the (1 1 1), (2 0 0), and (2 2 0) Brag reflections. Measurements on highpressure samples were performed at q = (0.5, 0, 0) in reciprocal lattice units for B1 structure to investigate the TA phonon far from the Brillouin zone center. In ambient con ditions, phonons very close to the (1 1 1) Bragg spot of B1 structure were also measured to compare with theoretical results. The energy scans were done only over the Stokes modes and the range was up to 100 (40) meV for ambient (highpressure) samples. Typical accumulation time for one set of twelve IXS spectra was 5 h.
Calculations
Phonon properties of ironbearing magnesium oxide were calculated by the direct method with Hellmann-Feynman forces on the basis of the firstprinciples internally consis tent LDA + U formalism using the Quantum ESPRESSO package [15] . Kinetic energy cutoff for wavefunctions was 70 Ry. Convergence threshold on total energy was 10 −9 Ry. Details of the calculation for Mg 7 FeO 8 (X Fe = 0.125) are shown in elsewhere [9] . We also did calculations for Mg 3 FeO 4 (X Fe = 0.25). Parameters are shown in table 1. Phonopy [16] was used to determine Born-von Karman force constant matrices and solve the dynamical problem. Supercells were used to accurately determine the phonon dispersion away from the zone center. The number of atoms in a supercell was 128 and 64 for Mg 7 FeO 8 and Mg 3 FeO 4 , respectively, corresponding to 2 × 2 × 2 of each unit cell. We evaluated the dielectric tensor and effective charges for Mg 7 FeO 8 and Mg 3 FO 4 in the highspin state by comparing with the IXS spectrum of ferropericlase in ambient conditions. We also calculated these quantities for MgO using density functional perturbation theory (DFPT).
The results of the calculations were used to simulate IXS spectra. The IXS intensity is proportional to the dynamic structure factor, which can be written (see, e.g. [8] ):
where N is the number of unit cells illuminated by the xray beam, Q is the total momentum transfer, q is the reduced mo mentum transfer within the first Brillouin zone or the phonon momentum or propagation direction, d is an index that runs over the r atoms in the primitive cell located at x d , and j is the phonon mode index that runs over the 3r modes expected at any q. f d (Q) is the atomic form factor. M d is the atomic mass. e qjd is the phonon polarization. The Debye-Waller factor, exp[−W d (Q)] was assumed to be atomindependent and treat ed as a part of the scaling factor in the present calculations.
F qj (ω) describes the spectral shape and the temperature depen dent intensity of the phonon mode. We adopt the pseudoVoigt function weighted with the Bose occupation factor and 1/ω qj . The full width at half maximum of the profile function was 3.0 meV, which is the typical energy resolution of the present IXS experiments. The lattice symmetry of ferropericlase was ob served to be cubic, whereas the calculations gave a tetragonal structure for ferropericlase with highspin iron. Therefore, we assumed that an experimental IXS spectrum at
, and (L, K, H ) from calculations.
Results and discussion

Comparison between experimental and calculated IXS spectrum in ambient conditions
Experimental IXS spectra of the sample in ambient conditions are shown in figure 1 by blue crosses. Two large and one small peak are observed at Q = (1.00, 1.05, 1.00) in reciprocal lattice units for B1 structure ( figure 1(a) ). The phonon momentum, q, is 0.75 nm −1 at this Q. The peak top energies are 26.2, 47.8, and 87.1 meV. Calculated spectra for MgO are shown together with black lines. The positions of two large peaks agree with those reported in a previous study [17] , 48.2 and 88.9 meV at q = (0, 0, 0). These two modes at can be assigned to the transverse optic (TO) and longitudinal optic (LO) modes [17] . The small peak at 26.2 meV does not appear in MgO at this Q and is related to vibration of the iron atom judging from partial vibrational density of states for iron [9] . The exper imental spectrum shows lower energy for the TO mode than those in the calculated MgO spectrum. In contrast, the almost identical peak positions for MgO (calculation) and ferroperi clase (experiment) at 87.1 meV suggest independence of the peak energy of the LO mode from the iron content. The exper imental spectrum at Q = (2.00, 0.50, 0.00), where the phonon momentum is 7.42 nm −1 , shows a broad transverse phonon band at 16-33 meV, whereas the calculated MgO spectrum gives a relatively sharp peak at 27.1 meV ( figure 1(b) ). The position of the calculated MgO peak agrees to the TA mode energy in the previous study [17] , 26.2 meV at q = (0, 0, 0.5). From these comparisons between MgO and ferropericlase, the iron substitution decreases the phonon energy in the lower energy region and has less impact at higher energy.
We estimated effective charges Z * and a highfrequency di electric tensor ε ∞ by comparing the calculations to the exper imental spectrum. A simulated IXS spectrum of Mg 1−x Fe x O obtained by the direct method does not show LOTO spitting without taking longrange interactions into account. Since the LOmode energy of ferropericlase was almost identical to that of MgO ( figure 1(a) ), we take the energy of the LO mode to be independent of iron content in this study. We optimized the nonanalytical parameters in two ways: (1) Seek Z * with a fixed ε ∞ or (2) Seek ε ∞ with fixed Z * . Here, it was assumed the offdiagonal elements of ε ∞ and Z * were zero. From a DFPT calculation, the values of ε ∞ and |Z * | were calculated for MgO to be 3.09 and 1.93, respectively. Those for FeO were estimated from inelastic neutron scattering measurements to IXS spectra for Mg 1−x Fe x O in the highspin state were cal culated taking the long range electric field effect into account. Calculated phonon dispersion curves along ΓX B1 in the first Brillouin zone of a face centered lattice (B1 structure of MgO: figure 1(d) ) are shown in figure 1(c) . The subscript B1 indicate that these special points are for B1 structure. Note that calcu lated energies for acoustic phonons are zero at the X B1 points because we used the supercells for the calculation. Special points on the Brillouin zone boundary for the supercells are shown in figure 1 by X calc and Z calc , which correspond to q of (0.5, 0, 0) and (0, 0, 0.5) in reciprocal lattice units of B1 structure, respectively. The experimental highintensity peak position is located between those calculated for Mg 7 FeO 8 (red) and Mg 3 FeO 4 (green). This indicates that the energy of the main phonon peaks decreases by the cation substitution. The calculated spectrum of Mg 3 FeO 4 near the Γ point ( figure  1(a) ) shows a strong peak at 47 meV and small peaks at the highenergy side. Around this energy, the experiment shows a single peak, which is similar to that of Mg 7 FeO 8 . In contrast, the phonon band in the experimental spectrum far from the Brillouin zone center is in better agreement with Mg 3 FeO 4 than Mg 7 FeO 8 (see around 15-35 meV range in figure 1(b) ). From these comparisons, IXS spectra about the TA mode of the present sample are interpreted based on calculated ones for Mg 3 FeO 4 .
Transverse phonon under pressure
The lattice constant and the crystal orientation matrix of fer ropericlase were refined at each pressure before measuring transverse phonon with q = (0.5, 0, 0). Three Bragg spots (1 1 1), (2 0 0), and (0 2 2) were used for this purpose. The rocking curve widths of these Bragg reflections were less than 0.4 degrees in FWHM even at the highest pressure condition. The unit cell volumes were plotted in figure 2 together with a reported equation of state (EoS) for high spin state with X Fe = 0.20 [19] . The present volumes are slightly larger than those from the EoS below 30 GPa and slightly smaller above that pressure, indicating the spin transition occurred at 30 GPa. This is reasonable considering the sensitivity of the transition pressure to the iron content [19] . Figure 3 (a) shows experimental IXS spectra for ferroperi clase at q = (0.5, 0, 0). A pseudoVoigt function was fitted to this TA phonon band. The pressure variation of the phonon energy was plotted in figure 3(b) . The energy of the phonon increases with increasing pressure up to 10 GPa, is relatively flat from 10 to 30 GPa, and then increased again above this pressure where the spin transition occurred (see dashed lines in figure 3(b) ).
Simulated IXS spectra of Mg 3 FeO 4 at highpressure condi tions were compared with the experimental ones since they show better agreement far from the Brillouin zone center ( figure 1(b) ). We calculated IXS spectra of ferropericlase in the highspin state at 0, 15, 30, and 60 GPa and in the low spin state at 30 and 60 GPa. The long range electric field effect was ignored since this effect does not appear far from the Brillouin zone center. Peak positions were evaluated by fitting a pseudoVoigt function with η = 0.5 to the calculated spectra between 15 and 25 meV. The calculated results show that the TA phonon energy of highspin ferropericlase only weakly increases from 0 to 30 GPa and does not change to 60 GPa (red circles in figure 3(c) ). For lowspin ferropericlase, the TA phonon energy is not so different between 30 and 60 GPa though slightly increasing (green circles in figure 3(c) ). It is reported that MgO also shows weak pressure dependence of the TAmode energy along [1 0 0] direction of B1 structure [20] . The energy of TA phonon along the [1 0 0] direction does not change with pressure as long as the electronic state is essentially unchanged.
Based on the results from the present calculations ( figure  3(c) ), we conclude that the observed rapid increase of the TA phonon energy above 30 GPa ( figure 3(b) ) is due to the spin transition. As found in the calculations, the TA energy of ferropericlase in the high and lowspin states shows weak pressure dependence. The calculations revealed that the TA energy is higher in the lowspin state than in the highspin state. At the spintransition pressure, the TA energy was observed to increase rapidly with pressure. The phonon hardens across the spin transition. We calculated phonon dispersion relationship of ferroperi clase in the high and lowspin states as shown in figure 4 to understand why the TA phonon energy of the lowspin ferro peliclase is higher than that of the highspin one. In highspin ferropericlase, there are large gaps in phonon energy at X calc and Z calc , corresponding to q = (0.5, 0, 0) in the experiments.
This gap is between the TA mode and the lowestenergy optic mode. In contrast, the gap is almost closed in lowspin ferropericlase.
To try to understand the microscopic basis for the calcu lated hardening, we investigated calculated interatomic force constant matrices to find out how different they are between the high and low spin states. The results show that the absolute values of the transverse elements between iron and the nearest neighbor oxygen are much larger in the low spin state than in the high spin state. Those values between iron and that in the next unit cell are also larger. In contrast, the change in the abso lute values of the longitudinal elements between the high and lowspin states is less and that in force constants related to mag nesium is negligibly small. The large increase in the transvers elements related to iron atoms in the interatomic force constant matrices most probably causes the phonon gap closing in the low spin state. This is consistent with discussion on a phonon gap at the zone boundary in a diatomic linear chain model [21] .
The present finding can explain discrepancy between pre vious studies. The TA phonon energy does not increase with pressure in highspin ferropericlase above 15 GPa and then increase through the spin transition. It seems as if the TA phonon energy far from the Brillouin zone center is softened by compression ( figures 3 and 4) . The TA phonon anomaly observed by IXS at lower q then may originate at higher q; this anomaly is therefore observed by IXS clearly [4] and not by the light scattering [6] .
Conclusion
We have performed IXS measurements on the phonons of Mg 0.8310 Fe 0.1594 O ferropericlase. The TA phonon energy was found to increase suddenly above the spintransition pres sure. Consequently, the TA phonon energy around the spintrans ition pressure seems anomalous. Simulated IXS spectra of Mg 3 FeO 4 with high and lowspin state iron based on the first principles calculations displayed that the energy of the TA phonon far from the Brillouin zone center is higher in the low spin state than in the highspin state; and that the phonon gap between the TA and the lowestenergyoptic modes is much narrower in the lowspin state than in the highspin state. The calculations also revealed that these TA phonon energies for high and lowspin state does not change so much with com pression. On the basis of the present results, we have con cluded that the phonon gap narrowing at X calc and Z calc , or q = (0.5, 0, 0) for B1 structure, through the spin transition is related with the observed TA phonon anomaly and explains the contradictory results in the previous experimental studies. . X calc and Z calc indicate special points on the Brillouin zone boundary of the feropericlase structure for the calculation, corresponding to q of (0.5, 0, 0) and (0, 0, 0.5) for B1 structure, respectively (see figure 1) . The phonon gaps between the TA and the lowestenergyoptic modes at 30 GPa are shown by ΔHS and ΔLS for the high and lowspin states, respectively. The gap in the highspin state is widely open, whereas that in the lowspin state is almost closed.
